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Relapsing fever Borrelia spp. challenge microbiologic
typing because they possess segmented genomes that
maintain essential genes on large linear plasmids.
Antigenic variation further complicates typing. Intergenic
spacer (IGS, between 16S–23S genes) heterogeneity pro-
vides resolution among Lyme disease–associated and
some relapsing fever spirochetes. We used an IGS frag-
ment for typing East African relapsing fever Borrelia spp.
Borrelia recurrentis and their louse vectors showed 2
sequence types, while 4 B. duttonii and their tick vectors
had 4 types. IGS typing was unable to discriminate
between the tick- and louseborne forms of disease. B. cro-
cidurae, also present in Africa, was clearly resolved from
the B. recurrentis/B. duttonii complex. IGS analysis of ticks
showed relapsing fever Borrelia spp. and a unique clade,
distant from those associated with relapsing fever, possibly
equivalent to a novel species in ticks from this region.
Clinical significance of this spirochete is undetermined.
B
oth tickborne and louseborne forms of relapsing fever,
caused by borrelial spirochetes, are substantial causes
of illness and death in regions of East Africa. In Tanzania
and Ethiopia, for example, these infections are endemic,
with much of the population living in close proximity with
the disease vectors. Indeed, surveys of traditional
Tanzanian “Tembe” dwellings have shown that up to 88%
are infested with ticks of the Ornithodoros moubata com-
plex (1). These ticks are vectors for Borrelia duttonii, the
cause of tickborne relapsing fever in East Africa. In dis-
ease-endemic regions, tickborne relapsing fever is one of
the top 10 diseases associated with deaths in those <5 years
of age. The louseborne form of the disease is caused by B.
recurrentis and is transmitted by the human clothing louse,
Pediculus humanus. In regions where louseborne relapsing
fever is endemic, such as Ethiopia, this disease contributes
substantially to human disease prevalence, particularly
during the rainy season. Incidence data are largely lacking;
the diagnosis typically relies on demonstration of spiro-
chetes in blood films of samples taken from febrile
patients. Clinical signs and symptoms overlap with those
of other prevalent diseases such as malaria, which may
lead to inaccurate diagnoses.
Other Borrelia spp. have been associated with relapsing
fever in Africa; for example, B. crocidurae is associated
with this disease in West Africa (2). However, this spiro-
chete has an established reservoir in rodent populations
that also serve as hosts for the Ornithodoros erraticus
ticks. Recent reports have also established additional
spirochetes in tick vectors (3) and in human blood samples
(4); however, their clinical relevance has yet to be defined.
To determine the population structure within these
spirochetes and to assess the role of newly described spiro-
chetes, appropriate microbiologic tools must be used.
Many widely used techniques for molecular typing have
been applied to Borrelia with variable success (5,6). Of
concern when these methods are used for characterizing
these spirochetes is the organisms’ability to undergo mul-
tiphasic antigenic variation, which can be associated with
large inter- or intraplasmidic recombinations/duplications
(7,8). Indeed, this ability is a likely cause of the variabili-
ty in genomic organization of these spirochetes, which
possess segmented genomes (9–11) composed of giant lin-
ear and circular plasmids.
Although conventional approaches, such as sequencing
of 16SRNA gene, have provided useful information on
population structure among the Borrelia spp., this gene
only provides low discriminatory resolution among
African relapsing fever spirochetes (2,12). Others have
used the flagellin gene as a target for population structure
(5,13); however, as with 16SRNA, these methods,
although useful for interspecies comparisons, are of limit-
ed value for discrimination of African relapsing fever
spirochetes and for intraspecies analysis. A partial inter-
genic spacer region (IGS; rrs [16S rRNA]-ileT [tRNA])
has recently been used for typing Lyme-associated
Borrelia spp., together with other genetic loci (14).
Additionally, IGS fragment typing proved valuable for
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these researchers only applied this typing to US strains and
to nonpathogenic relapsing fever spirochetes from
Sweden. We applied this method to isolates, blood sam-
ples, ticks, and lice collected in Tanzania and Ethiopia.
Materials and Methods
Blood Samples 
Blood samples from Tanzania were collected into glass
capillary tubes after fingerprick of spirochetemic patients
attending Mvumi Hospital, Dodoma, Tanzania. In
Ethiopia, samples were collected from persons who were
hospitalized with louseborne relapsing fever at the Black
Lion Hospital in Addis Ababa. Total DNA was extracted
from these samples by using a QIAamp DNA blood mini
kit (Qiagen, Crawley, UK).
Isolates 
Borrelial isolates were obtained from blood samples
drawn from patients with clinical cases of relapsing fever
as previously described (16–18). Borrelia spp. were grown
in Barbour-Stoenner-Kelly medium (BSKII) (19) incubat-
ed at 33°C to stationary phase. Spirochetes were collected
by centrifugation, washed with 0.1 mmol phosphate-
buffered saline, and DNA was prepared by using phe-
nolchloroform extraction. Atotal of 6 cultivated B. duttonii
isolates (Ly, La, Lw, Ma, Ku, and Wi) and 18 B. recurren-
tis  isolates (A1–A18) were investigated. Cultures were
diluted in BSKII medium, and the one with the lowest
growth was added to media from which DNA was extract-
ed. Because these spirochetes are fastidious, recovery from
a single cell cannot be guaranteed. For comparison, other
Borrelia spp. analyzed included Nearctic relapsing fever
strains B. hermsii (HS1), B. turicatae, and B. parkeri; West
African  B. crocidurae; and Lyme borreliosis strain B.
burgdorferi sensu stricto (B31).
Lice
Lice were collected from the clothing of patients with
louseborne relapsing fever, kept in 70% ethanol, and trans-
ported to the United Kingdom (import license not
required). Total DNA was extracted by using a DNeasy
Tissue kit (Qiagen) from pools of 4 to 6 lice.
Ticks
Ticks were collected from traditional dwellings in 4 vil-
lages, Mvumi Makulu (MK), Iringa Mvumi (IM),
Ikombolinga (IK), and Mkang’wa (MA), in the Dodoma
Rural District, central Tanzania. Scoops of earth were col-
lected and passed through a sieve, and ticks were collected
into containers containing 70% ethanol. Dead ticks were
imported under license (AHZ/2074A/2001/13) and heat
inactivated (>80°C for 30 min) before DNA extraction.
After manual homogenization of 1 to 6 ticks with a sterile
pestle, samples were digested overnight in SNET lysis
buffer (20 mmol/LTris-HCl pH 8.0, 5 mmol/L EDTA, 400
mmol/L NaCl, 1% sodium dodecyl sulfate, 55°C), supple-
mented with proteinase K (400 µg/mL final concentra-
tion). Debris was pelleted, lysate was transferred to a fresh
tube, and total DNA extracted by using standard phe-
nolchloroform extraction or the automated MagnaPure
DNAextraction robot with the LC DNAisolation kit II for
tissues (Roche, Lewes, UK). DNAextracted from 2 purifi-
cation rounds was pooled, concentrated, and resuspended
in sterile distilled water.
PCR 
A Borrelia-specific nested polymerase chain reaction
(PCR) designed to amplify the 16S–23S IGS region was
used (14). The outer primers were anchored in the 3′ end
of the rrs gene and the ileT genes, respectively (5′-GTAT-
GTTTAGTGAGGGGGGTG-3′ and 5′-GGATCATAGC-
TCAGGTGGTTAG-3′ for forward and reverse, respec-
tively, while the inner nested primers were 5′-AGGGG-
GGTGAAGTCGTAACAAG-3′ and 5′-GTCTGATAA-
ACCTGAGGTCGGA-3′, again for forward and reverse).
Amplicons were resolved with 1% agarose gels, bands
were excised, and DNAwas purified by using a Wizard SV
gel and PCR clean-up system (Promega, Southhampton,
UK). 
DNA Sequencing 
Purified DNA was sequenced directly or cloned into
pGEMT-easy (Promega) and sequenced. Sequencing reac-
tions were performed according to manufacturer’s recom-
mendations by using BigDye terminator v3.1 cycle
sequencing kit (Applied Biosystems, Warrington, UK) and
analyzed on an Applied Biosystems Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA).
Data Analysis 
Nucleotide sequences were analyzed by using Chromas
(version 1.45) and DNA Star software (Lasergene 6).
Multiple alignments were performed by using ClustalW.
Results produced by IGS fragment typing were compared
with those obtained using the rrs gene with sequences held
in GenBank.
Phylogenetic Trees 
The phylogenetic relationships of sequence data were
compared by using Mega software (version 3) and neigh-
bor-joining methods for compilation of the tree. A boot-
strap value of 250 was used to determine confidence in
tree-drawing parameters.
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Clinical Isolates 
Cultivable isolates of B. duttonii were identical over the
587–bp portion of the IGS sequenced and, consequently,
the Ly strain was selected to represent these isolates. This
isolate has been used by others as representative for B. dut-
tonii (2,20). When applied to B. recurrentis, IGS fragment
sequencing was able to group these isolates into 2 types
that differed by 2 nucleotides (nt). Of the 18 isolates
A1–A10, A17, and A18 comprised type I, while isolates
A11–A16 gave a second type II profile. When the 2 B.
recurrentis types were compared with B. duttonii  types
I–IV, differences appeared negligible (Table 1, Figure 1).
The IGS fragment sequences of B. duttonii type II and B.
recurrentis type I were identical. 
A comparison of rrs gene sequences confirmed the dif-
ference between the 2 groups of B. recurrentis, in this case,
with only a single nucleotide difference (Table 2, Figure
2). Whereas the IGS fragment analysis produced different
profiles within species, analysis of the rrs gene sequences,
with the exception of the B. recurrentis types, produced
single clusters for each relapsing fever species (Table 2,
Figure 2). Differences between species were small, with a
4-nt difference between B. recurrentis and B. duttonii; a 6-
nt difference between B. recurrentis and B. crocidurae;
and only 2 nt differentiating B. duttonii and B. crocidurae
(Table 2).
Lice
Clothing lice collected from 21 febrile, spirochetemic
louseborne relapsing fever patients from Ethiopia pro-
duced amplicons from 20 samples. Of these, 18 were iden-
tified as the B. recurrentis type I, and 2 represented type II.
Thus, sequence types detected among clinical isolates mir-
rored those found in the lice.
Ticks
Tick infestation rates in traditional Tembe huts
approached that previously described (1), with ticks found
in an average of 61% of the 150 huts tested (range
49%–69%). Ten of 14 Makulu village huts contained ticks
positive by partial IGS PCR (71.4%), and all were identical
to B. duttonii Ly strain. Ten of 11 Makang’wa village huts
(91%) were similarly positive for IGS DNA. Greater het-
erogeneity was observed with 3 IGS types detected. The
first, type I, was identical to the Ly strain and was found in
8 of the tick extracts (80%). Ticks from hut MA/15 gave a
different sequence, diverging by 7 nt from the Ly strain
(type II). Notably, the IGS fragment produced from these
ticks was identical to that seen in B. recurrentis  type I. A
further profile, type III, was identified in ticks found in
another hut, MA/18, which also differed in 8 nt from the Ly
strain and in 1 nt from type II. Type II and III sequences
were the same size as those in the Ly strain (587 bp).
Nine of 12 Iringa Mvumi village tick extracts (75%)
yielded borrelial IGS fragment amplicons; 1 (IM/36) pro-
duced 2 different-sized bands (sequence types I and an IGS
sequence showing greatest homology with B. crocidurae).
Sequence analysis showed 4 IGS types. B. duttonii type I
(Ly strain) was again predominant, identified in 7 (70%) of
the 10 sequences, with the smaller (568 bp) detected as a
mixed infection in 1 tick extract (IM/36, 10%). The
sequence for this smaller band fell outside the B.
duttonii/B. recurrentis cluster and showed greatest homol-
ogy with an isolate of B. crocidurae. However, this band
was surprisingly distant from the IGS B.  crocidurae
sequence held in GenBank AF884004. Because of its high-
ly divergent nature, this latter sequence was excluded from
further analysis. Two additional single tick extracts (each
representing 10%), yielded larger amplicons of 757 bp and
759 bp, respectively (IM/16 and IM/19). Substantial differ-
ences between these sequences and those of B. duttonii
were evident, and these sequences were assigned Borrelia
spp. types 1 and 2, respectively (Table 3). Ticks from 9
(75%) of 12 huts from Ikombolinga amplified, yielding 2
distinct IGS fragment types. Ly strain type I was found in
most (8 [89%]/9), and a larger amplicon of 762 bp was
sequenced from IK/23, which shared little sequence
homology with the Ly strain. As a result of this divergence
with known B. duttonii,  this amplicon was assigned
Borrelia spp. type 3 (Table 3).
Clinical Tickborne Relapsing Fever Patients 
DNA was extracted from 6 partially purified blood cul-
tures from tickborne relapsing fever patients and amplified
by using IGS fragment primers. Of these, 5 (83%) were
identical to those of the Ly strain (type I), and 1 was 568
bp, identical to strains found in ticks (IM/36) and showing
greatest homology with B.  crocidurae. An additional 6
blood samples from spirochetemic tickborne relapsing
fever patients yielded amplicons, 5 of which were identical
to the Ly strain, while the remainder, B. duttonii type IV
(patient WM) showed 10–12 nt differences and 1 nt dele-
tion when compared with other sequence types (Table 1).
In summary, B. duttonii type I was predominant, found
in isolates from patient isolates and blood from patients
with clinical cases of tickborne relapsing fever and O.
moubata ticks. In fact, this was the only type represented
among cultivable isolates. Three variants, types II, III, and
IV, were occasionally found in both clinical patients (type
IV) and ticks (types II, III). A further, smaller, amplicon
showed greatest homology with B. crocidurae and fell out-
side the cluster of B. recurrentis and B. duttonii sequences
and was found in both a tick and a patient. Although these
variants are an apparent minority, they have been found in
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the only Borrelia type found in patients with clinical cases
(1 patient with B. duttonii type IV and 1 with a B. crocidu-
rae–like spirochete). Whether these strains can be cultivat-
ed remains unresolved.
Novel partial IGS sequence types were found in ticks
from huts IM/16 and IM/19, which clustered together with
those found in IK/23 and were assigned Borrelia spp. types
1, 2, and 3, respectively. Each of these Borrelia  types
showed slight variability in their IGS fragment sequence
(Table 3); however, they formed a distinct cluster away
from other borrelial species. Insufficient material remained
to undertake further PCR assays with other targets such as
the  flaB  or  rrs  genes. Greatest homology was with
Nearctic species B. hermsii and B. turicatae. All differ sub-
stantially from the Ly B. duttonii strain, except over the
primer regions, and consequently cannot be considered as
belonging to this species.
Accession Numbers
B. recurrentis types I and II were assigned GenBank
accession numbers DQ000277 and DQ000278, respective-
ly.  B.  duttonii groups I–IV were assigned DQ000279-
DQ000282, respectively. The B. crocidurae–like sequence
was given DQ000283. Borrelia spp. IGS sequences types
1–3 were assigned DQ000284-DQ000286, respectively,
while the B. crocidurae IGS sequence determined in this
study was given DQ000287.
Discussion
Application of gene sequence–based approaches has
provided useful information regarding population structure
and possible phylogenetic associations among Borreliae
spp. (21). Of particular value has been sequence-based
comparisons of the rrs-rrlA IGS region, which (because
noncoding DNA shows greater variability than would be
expected for coding sequences) is sufficiently conserved to
permit phylogenetic conclusions (22,23). Our results
demonstrated that the differences between B. duttonii and
B. recurrentis were as great as those within species, raising
the question of whether these spirochetes are indeed a dif-
ferent species. This difference is exemplified by the iden-
tical IGS fragment sequence shared between B. recurrentis
and B. duttonii type II. Whether these data suggest a com-
mon ancestral lineage for these relapsing fever spirochetes
can only be fully resolved through sequence analysis of the
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Figure 1. Neighbor-joining phylogenetic tree (bootstrap value 250)
showing clustering of intergenic spacer (IGS) fragment generated
within this study and compared with IGS downloaded from
GenBank. Accession nos. DQ000277–DQ000287 were deter-
mined in this study. whole genome. An analogous situation was found when
IGS typing was used to characterize other microbes such
as Fusobacterium spp.; in that situation, good resolution of
strains was provided; however, with IGS typing, 2 species
appeared to be identical (23).
Analysis of rrs phylogeny, in contrast, showed distinct
clusters for B. duttonii, B. recurrentis, and B. crocidurae;
however, a small number of nucleotides differentiated
these clusters. Some Old World relapsing fever spirochetes
show a high degree of similarity, both in using 16S RNA
gene sequences (12) and in flagellin (20,24). Using the 16S
RNAgene, we found that only 4 bases differed over the rrs
gene between B. duttonii and B. recurrentis; this finding
was also reported previously (12). Ras et al. concluded that
this small difference did not support these being single
species but instead postulated that B. recurrentis could be
a clone derived from the B. crocidurae–B. hispanica–
B. duttonii cluster (12). Although our results would sup-
port the concept that B. recurrentis, B. duttonii, and B. cro-
cidurae are clonal variants, IGS fragment typing suggested
a substantially greater distance between the B. duttonii/B.
recurrentis complex and B. crocidurae. More B. crocidu-
rae isolates were not available to further verify phylo-
genetic inference by using partial IGS sequencing. A
further bias within this comparison is that the rrs phyloge-
ny presented here used cultivable isolates. Since only B.
duttonii type I was represented among these isolates, the
rrs gene phylogeny may not truly represent the diversity
found among these spirochetes.
Despite these apparently conflicting datasets, resolution
of the IGS fragment typing was clearly greater, enabling a
more detailed analysis of clinical or host associations.
Failure to discriminate between the B. duttonii/B. recur-
rentis complex, however, would require the use of alterna-
tive targets, if they are indeed different species. This
apparent paradox may reflect that these are clones derived
from a common ancestral origin (12). This hypothesis is
strengthened by the finding of a partial IGS sequence (B.
duttonii type II) in O. moubata complex ticks from a dis-
ease-endemic area for tickborne relapsing fever, which
showed total homology with the predominant sequence
type identified among B. recurrentis. Further investigation
of ticks from this area should be conducted.
To overcome problems associated with use of single
gene targets for addressing population structure among
microorganisms, multilocus sequence typing (MLST),
which is less likely to show linkage disequilibrium than
many surface markers, is commonly used to investigate
more conserved housekeeping genes. However, a few
housekeeping genes possessed by Borrelia spp. are locat-
ed on plasmids, which raises a question about the validity
of this approach (25). Others have used surface exposed
proteins as targets for MLST (14). More recently, an
MLST study focused on 18 different, highly polymorphic
loci to show the role of recombination in creation of diver-
sity among Lyme disease–associated spirochetes and their
correlation with outer surface protein C alleles (25).
Despite extensive application of these methods to Lyme
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Figure 2. Neighbor-joining phylogenetic tree (bootstrap value 250)
showing clustering of the rrs gene between Borrelia duttonii/
B. recurrentis and B. crocidurae. disease–associated Borrelia spp., the relapsing fever spiro-
chetes have been largely neglected. However, recently a
MLST-based approach, in which rrs, flaB, gyrB, and glpQ
chromosomal genes were used to examine the phylogenet-
ic relationship among B. parkeri and B. turicatae, con-
firmed their species status and demonstrated that the
Florida canine Borrelia isolate clustered among B. turi-
catae (26).
Investigations have been limited by the lack of avail-
able strains for assessing and identifying suitable markers.
Cultivating these fastidious microbes is challenging, with
some, until recently, considered noncultivable (16–18).
Furthermore, the complexity of coexistent mechanisms for
antigenic variation with associated potential for major
genomic reorganization presents a problem for many
microbiologic typing approaches. Isolates that are homo-
geneous by gene sequence–based approaches may present
vastly different pulsed-field electrophoretic profiles
(16,17,26), possibly through extensive genetic duplication
associated with antigenic variation of major outer mem-
brane proteins, whose genes are carried on large linear
plasmids (7,11).
Although using the more variable IGS region for
molecular typing of relapsing fever spirochetes has been
reported as valuable (15), only a limited selection of
relapsing fever species, B. miyamotoi and  B. lonestari,
have been assessed. When we used this approach to char-
acterize clinical isolates from patients with tickborne
relapsing fever and louseborne relapsing fever, blood sam-
ples from patients, and ticks and lice collected in East
Africa, we demonstrated that this method could success-
fully be applied to all sample types. We also demonstrated
3 distinct groups: a) 1 comprising cultivable strains of B.
duttonii/B. recurrentis and amplicons from tick, lice, and
human blood samples; b) 1 from both a patient and a tick
showing greatest homology with B. crocidurae; and c) a
further group containing unique amplicons from ticks col-
lected in Tanzania. This last group was distinct in its IGS
sequence and is likely compatible with the novel Borrelia
species from this region (3,4,20). Three sequence types
were identified that clustered within this novel IGS
sequence clade, separate from the B. duttonii-B. recurren-
tis  complex. This clade fell among those containing B.
hermsii and B. turicatae (Figure 1), thus supporting earlier
reports of a new Borrelia spp. characterized by using fla-
gellin and 16S RNA sequences (Borrelia species
AB113315 [3], Figure 2), and reported to show greater
resemblance to Nearctic isolates such as B. hermsii and B.
turicatae, rather than Old World tickborne relapsing fever
and louseborne relapsing fever isolates (3,4,20).
Insufficient material remained to allow repeat analysis for
either flaB or rrs genes to confirm that Borrelia species
types 1–3 were indeed the same spirochete described
above. These Borreliae spp. were not detected in any
relapsing fever patient samples; consequently, their clini-
cal significance has yet to be established. 
Of further interest was the identification of a B. cro-
cidurae–like sequence in a patient and O. moubata tick. B.
crocidurae is not believed to be present in East Africa but
is endemic to the West African coast. Although the patient
may have traveled from the west coast, finding this
sequence type in a tick that was co-infected with the local
endemic  B. duttonii suggests that this spirochete may
coexist in this area and may have extended vector compat-
ibility. These findings were facilitated by methods able to
give substantial resolution between strains, such as partial
IGS typing, and would not have been possible by using
clinical criteria or customary diagnostic approaches.
Traditionally, relapsing fever nomenclature was
assigned according to the spirochete’s arthropod vector
and the host species susceptibility. Clinical differences
have also been documented: the louseborne form of the
disease has been considered the most severe (27,28),
although more frequent relapses are associated with the
tickborne form. Such differences have lately been ques-
tioned because more recent studies of louseborne relapsing
fever suggest less severe outcomes (29). B. duttonii has
been correlated with higher perinatal death rates (30–32),
while B. recurrentis is associated with a higher incidence
of epistaxis (28). These differences suggest that the dis-
eases are associated with different clinical etiologic agents;
however, these differences may actually be associated with
differences in transmission or even in host response.
Alternatively, different clinical symptoms may be serotype
associated. Indeed, serotype switching has been associated
with different clinical symptoms in rodent models infected
with the American relapsing fever spirochete, B. turicatae
(33). The lack of animal models for East African isolates
precludes similar studies among these spirochetes.
However, different isolates of the same species (B. recur-
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teins, have been shown to induce tumor necrosis factor
release to different degrees (34).
Unlike many relapsing fever spirochetes, B. duttonii
and B. recurrentis infections are believed to be diseases of
humans with as yet unidentified animal reservoirs. This
restricted host range may impose constraints on these
species compared with their less host-specific relatives.
Indeed, this could account for greater diversity among
other tickborne Borrelia spp. than among B. duttonii and
the louseborne B. recurrentis.
In summary, 38 B. recurrentis sequences and 47 B. dut-
tonii IGS fragments were studied, showing 2 sequence
types differing by 2 nt in the former and 4 types differing
in from 1 to 12 nt (and a further deletion in 1 type) in the
latter. These observations suggest more recent evolution of
B.  recurrentis, if one assumes that both spirochetes
acquired changes in their IGS region at the same rate. IGS
fragment sequencing proved to be a valuable typing tool
for these spirochetes, allowing discrimination between
relapsing fever and other borrelial species carried by ticks
and lice prevalent in the same geographic region.
However, this method was unable to separate B. duttonii
and B. recurrentis. This typing approach appeared suffi-
ciently robust to work on multiple sample types, including
isolated strains, patient blood samples, and ticks and lice,
thus negating the requirement for cultivation.
Acknowledgments
We thank Alison Talbert for local organization in Tanzania
and Stafford Sanya, Salomie Bitia, Asha Abdi, Ezekiel Enoch,
and Vendelino Raymond for assistance with field collection of
materials in Tanzania. We also thank David Warrell and col-
leagues for collaboration with collection of material from
Ethiopia. Isolates of B. hermsii (HS1), B. turicatae, and B. park-
eri were kindly provided by A. Livesley, while DNAfrom B. cro-
cidurae was provided by S. Bergström. 
This study was funded by The Royal Society and Wellcome
Trust. Dr Scott’s research has been supported by The Wellcome
Trust. Ethical approval was granted by Hammersmith Hospitals
NHS Trust and COSTECH in Dar es Salaam.
Dr Scott is a researcher in the Department of Cellular and
Molecular Biology, Imperial College of Science, Technology and
Medicine, London. She has worked with relapsing fever spiro-
chetes for 2 years, primarily characterizing variable membrane
proteins.
References
1. Talbert A, Nyange A, Molteni F. Spraying tick-infested houses with
lambda-cyhalothrin reduces the incidence of tick-borne relapsing
fever in children under five years old. Trans R Soc Trop Med Hyg.
1998;92:251–3.
2. Brahim H. Identifying relapsing fever borrelia, Senegal. Emerg Infect
Dis. 2005;11:474–5.
3.  Mitani H, Talbert A, Fukunaga M, New World relapsing fever
Borrelia found in Ornithodoros porcinus ticks in central Tanzania.
Microbiol Immunol. 2004;48:501–5.
4. Kisinza W, McCall P, Mitani H, Talbert A, Fukunaga M. A newly
identified tick-borne Borrelia species and relapsing fever in Tanzania.
Lancet. 2003;362:1283–4.
5. Fukunaga M, Okada K, Nakao M, Konishi T, Sato Y. Phylogenetic
analysis of Borrelia species based on flagellin gene sequences and its
application for molecular typing of Lyme disease borreliae. Int J Syst
Bacteriol. 1996;46:898–905.
6. Godfroid E, Min Hu C, Humair P-F, Bollen A, Gern L, PCR-reverse
line blot typing method underscores the genomic heterogeneity of
Borrelia valaisiana species and suggests its potential involvement in
Lyme disease. J Clin Microbiol. 2003;41:3690–8.
7. Penningon P, Cadavid D, Bunikis J, Norris S, Barbour A. Extensive
interplasmidic duplications change the virulence phenotype of the
relapsing fever agent Borrelia turicatae. Mol Microbiol.
1999;34:1120–32.
8. Kitten T, Barbour AG, The relapsing fever agent Borrelia hermsii has
multiple copies of its chromosome and linear plasmids. Genetics.
1992;132:311–24.
9. Ras NM, Postic D, Ave P, Huerre M, Baranton G. Antigenic variation
of Borrelia turicataeVsp surface lipoproteins occurs in vitro and gen-
erates novel serotypes. Res Microbiol. 2000;151:5–12.
10. Hayes L, Wright D, Archard L. Segmented arrangement of Borrelia
duttonii DNA and location of variant surface antigen genes. J Gen
Microbiol. 1988;134(Pt 7):1785–93.
11. Takahashi Y, Cutler S, Fukunaga M. Size conversion of a linear plas-
mid in the relapsing fever agent Borrelia duttonii. Microbiol
Immunol. 2000;44:1071–4.
12. Ras NM, Lascola B, Postic D, Cutler SJ, Rodhain F, Baranton G, et
al. Phylogenesis of relapsing fever Borrelia spp. Int J Syst Bacteriol.
1996;46:859–65.
13. Fukunaga M, Ushijima Y, Aoki LY, Talbert A. Detection of Borrelia
duttonii, a tick-borne relapsing fever agent in central Tanzania, with-
in ticks by flagellin gene-based nested polymerase chain reaction.
Vector Borne Zoonotic Dis. 2001;1:331–8.
14. Bunikis J, Garpmo U, Tsao J, Berglund J, Fish D, Barbour AG.
Sequence typing reveals extensive strain diversity of the Lyme borre-
liosis agents Borrelia burgdorferi in North America and Borrelia
afzelii in Europe. Microbiology. 2004;150:1741–55.
15. Bunikis J, Tsao J, Garpmo U, Berglund J, Fish D, Barbour A. Typing
of  Borrelia  relapsing fever group strains. Emerg Infect Dis.
2004;10:1661–4.
16. Cutler SJ, Akintunde C, Moss J, Fukunaga M, Kurtenbach K, Talbert
A, et al. Successful in vitro cultivation of Borrelia duttonii and its
comparison with Borrelia recurrentis. Int J Syst Bacteriol.
1999;49:1793–9.
17. Cutler SJ, Moss J, Fukunaga M, Wright D, Fekade D, Warrell D.
Borrelia recurrentis characterization and comparison with relapsing-
fever, Lyme-associated, and other Borrelia spp. Int J Syst Bacteriol.
1997;47:958–68.
18. Cutler SJ, Fekade D, Hussein K, Knox KA, Melka A, Cann K, et al.
Successful in-vitro cultivation of Borrelia recurrentis. Lancet.
1994;343:242.
19. Barbour A. Isolation and cultivation of Lyme disease spirochetes.
Yale J Biol Med. 1984;57:521–5.
20. Fukunaga M, Ushijima Y, Aoki L, Talbert A. Detection of Borrelia
duttonii, a tick-borne relapsing fever agent in central Tanzania, with-
in ticks by flagellin gene-based nested polymerase chain reaction.
Vector Borne Zoonotic Dis. 2001;1:331–8.
21. Wang G, van Dam AP, Schwartz I, Dankert J, Molecular typing of
Borrelia burgdorferi sensu lato: taxonomic, epidemiological, and
clinical implications. Clin Microbiol Rev. 1999;12:633–53.
RESEARCH
1728 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 11, No. 11, November 200522. Liveris D, Varde S, Iyer R, Koenig S, Bittker S, Cooper D, et al.
Genetic diversity of Borrelia burgdorferi in Lyme disease patients as
determined by culture versus direct PCR with clinical specimens. J
Clin Microbiol. 1999;37:565–9.
23. Conrads G, Claros MC, Citron DM, Tyrrell KL, Merriam V, Goldstein
E, 16S–23S rDNA internal transcribed spacer sequences for analysis
of the phylogenetic relationships among species of the genus
Fusobacterium. Int J Syst Evol Microbiol. 2002;52:493–9.
24. Fukunaga M, Koreki Y. The flagellin gene of Borrelia miyamotoi sp.
nov. and its phylogenetic relationship among Borrelia species. FEMS
Microbiol Lett. 1995;134:255–8.
25. Qiu W-G, Schutzer SE, Bruno JF, Attie O, Xu Y, Dunn JJ, et al.
Genetic exchange and plasmid transfers in Borrelia burgdorferi sensu
stricto revealed by three-way genome comparisons and multilocus
sequence typing. Proc Natl Acad Sci U S A. 2004;101:14150–5.
26. Schwan TG, Raffel SJ, Schrumpf ME, Policastro PF, Rawlings JA,
Lane RS, et al. Phylogenetic analysis of the spirochetes Borrelia
parkeri and Borrelia turicatae and the potential for tick-borne relaps-
ing fever in Florida. J Clin Microbiol. 2005;43:3851–9.
27. Borgnolo G, Denku B, Chiabrera F, Hailu B. Louse-borne relapsing
fever in Ethiopian children: a clinical study. Ann Trop Paediatr.
1993;13:165–71.
28. Ramos J, Malmierca E, Reyes F, Wolde W, Galata A, Tesfamariam A,
et al., Characteristics of louse-borne relapsing fever in Ethiopian chil-
dren and adults. Ann Trop Med Parasitol. 2004;98:191–6.
29. Brown V, Larouze B, Desve G, Rousset J, Thibon M, Fourrier A, et
al. Clinical presentation of louse-borne relapsing fever among
Ethiopian refugees in northern Somalia. Ann Trop Med Parasitol.
1988;82:499–502.
30. Jongen VH, van Roosmalen J, Tiems J, Van Holten J, Wetsteyn JC.
Tick-borne relapsing fever and pregnancy outcome in rural Tanzania.
Acta Obstet Gynecol Scand. 1997;76:834–8.
31. Barclay A, Coulter J. Tick-borne relapsing fever in central Tanzania.
Trans R Soc Trop Med Hyg. 1990;84:852–6.
32. Melkert P. Mortality in high risk patients with tick-borne relapsing
fever analysed by the Borrelia-index. East Afr Med J. 1991;68:875–9.
33. Cadavid D, Pachner AR, Estanislao L, Patalapati R, Barbour AG.
Isogenic serotypes of Borrelia turicatae show different localization in
the brain and skin of mice. Infect Immun. 2001;69:3389–97.
34. Vidal V, Scragg I, Cutler S, Rockett K, Fekade D, Warrell D, et al.
Variable major lipoprotein is a principal TNF-inducing factor of
louse-borne relapsing fever. Nat Med. 1998;4:1416–20.
Address for correspondence: Sally Cutler, Bacterial Zoonoses,
Department of. Statutory and Exotic Bacterial Diseases, Veterinary
Laboratories Agency, Woodham Lane, New Haw, Addlestone, Surrey,
KT15 3NB, United Kingdom; fax: 44-1932-357-423; email: s.cutler@
vla.defra.gsi.gov.uk
Typing Relapsing Fever Spirochetes
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 11, No. 11, November 2005 1729
Search
past issues